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1 Au+Au Collision

0. nuclei Lorentz contracted in lab. frame
1. hard parton scattering (qq,gg)
2. hot cylinder
3. soft partons from energy at (0,0,0)

beam remnants peaked forward/backward
4. freezeout: all partons → particles

Au+Au 3-dim, cylinder, infinite in z (if boost-invariant)
Universe 4-dim, infinite 3-dim all directions (!)

ππ freeze-out
@ t~8-10 fm/c 

t=0                     1-1.5                   4                         10             fm/c

QM (∆x∆p<h) formally induces v>c

partonic hadronic
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What we want to know ?

l Is there order in this mess ?
(rules of particle production)

l Temperature ?
l Size ?
l Density ?
l How can we produce Anti-He ?
l The little and the big bang -

are the rules the same ?
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Au+Au       2000:√ sNN=130 GeV     2001:√ sNN=200 GeV

∅∅ =3.8 km
1740 superconducting magnets
(~1 quench / 2 days)

New York
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Data set.

l Au+Au 130 GeV 0.7 Mio
l Au+Au 200 GeV 3.2 Mio
l Au+Au 19.6 GeV ~20k
l d+Au 200 GeV 35 Mio.
l pp

• un-polarized
• vertical pol. 391/nb
• longitudinal pol. 373/nb
   (spin flip snake)

l Level-3 trigger, rare probes
l EMC jet trigger

asym !

jet
pile-up !
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Are RHIC collisions dangerous ?

 
Not likely,
since the dawn of mankind we always had cosmic HI collisions.
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ZDC

Barrel EMC

Endcap EMC

Magnet
B=±±  0.5 T

ZDC

FTPCs

Vertex Position
Scintillators (TOF)

Trigger Barrel
(TOF)

Time
Projection
Chamber

Silicon
Vertex
Tracker

RICH

2 m

4 m

The STAR Experiment

24 sectors x 5692 rφφ  pads x 350 t bins
= 47,812,800 pixels
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TPC dE/dx

l dE/dx resolution ~11% (offline ~8%)
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Level-3 Trigger System

l realtime full event reconstruction
(dE/dx, invariant mass)

l t≤ 60 ms
per 1 central Au+Au
NTrack=4,500
NCluster=130,000

l trigger rare events:
c,b quarks
(J/ψ , Upsilon)
Anti-3He/4He
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The QGP.

l deconfined (in QCD sense -> no bag anymore)
l 02/2000 CERN announced “QGP evidence”

 • strangeness enhancement (s-quark condensation in high T)
 • J/ψ  suppression (gluon break-up)

l QCD phase transition
1st order:
  mixed phase
  hadrons with QGP bubbles
2nd order:
  from pure100% phase #1
  to pure 100% phase #2

l predicted by lattice QCD
Tc=160± 3.5 MeV



Jens Sören Lange (Frankfurt)    Search for New QCD Phenomena at STAR    TROP03   06/09/2003

Phase Diagram before RHIC ?

 

µ B ~ NBaryon-NAnti-Baryon 
µ B ~ Nsea/Nvalence
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Where is the critical point ?

 

hep-lat/0106002

Allton et al.
hep-lat/0204010

Tc=160± 3.5 MeV
µ b=725± 35 MeV
ε=0.3-1.3 GeV/fm3
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What did we learn from the number of particles ?

l ... 2-3 min after the 1st collision
l perturbative QCD expectation

Ncharged(√ s=200 GeV)
=  1.14  x Ncharged(√s=130 GeV)
fits well -> no QGP needed for interpretation

l but pQCD models need either/or
• “high density QCD”
   α S

eff changes
• “high temperature QCD”
   α S

eff changes ~ 1/(33-2Nf)ln(T/Tcrit)
 both cases: gluons acquire “mass” (on-shell)

l no dramatic Ncharged event-by-event fluctuations
→  we are not near the critical point



Jens Sören Lange (Frankfurt)    Search for New QCD Phenomena at STAR    TROP03   06/09/2003

Which models fit, and which not ?
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Data Quality 1: Mesons (qq)

K*

K*

_

φφ

STAR Prelim
inary
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Data Quality 2: Baryons (qqq)

~0.84   ΛΛ /event
~0.61    ΛΛ /event

 ~0.006 ΞΞ −−  , ~0.005  Ξ Ξ ++/event

~1.6 ΚΚ 00
s/event 6e-4 ΩΩ −−   , 6e-4~ΩΩ +/event
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Thermodynamics

l T from exponential fits to mT

l µ B from

p / p ratio = 0.65±0.03(stat) ± 0.03(syst) = λ q
-6

λ q = 1.074
λ q=exp(µ q/T)
µ b=µ u+2µ d=40.1 MeV
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p p

mT Distributions

K0
s

0.2 <  pT < 2.4

STAR
Preliminary

MT-M0 (GeV/c2)

Statistical error only

Central events 
(top 14%)

K*0

π −

φ

STARSTAR

Ξ − , Ξ +

K- (K++ K-)/2, KoK+

ΛΛ ΛΛ
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Thermal fit Result:
T=176 MeV (130 GeV), T=177 MeV (200 GeV)

 

µ B ~ NBaryon-NAnti-Baryon 
µ B ~ Nsea/Nvalence

•

µ B=41 MeV (130 GeV)
µ B=29 MeV (200 GeV)

•

200 GeV
130 GeV

T=2.1·1012 K

Sun
15.6·106 K

Supernova
~109 K
Plasma fusion
55·106 K
Laser fusion
4·106 K

Universe:
TPlanck=1.4·1034 K
but maybe Hagedorn-limited ~1/R
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What is the size ?

l Hanbury-Brown-Twiss (HBT) Interferometry
π π pairs (bosons) close in ∆p

l Universe: R(galaxy)
   difference in arrival time

l AA collisions:
   difference in momentum ∆p
   Fourier Transform  ∆p → ∆ x
   Correlation Function
   C(∆ p)=1+λ x FourierTransform[ρ(∆p)]=1+λ  exp(- ∆p2∆R2)
   (λ  for resonances)

l remember: expanding system R=R(t) !
l Lorentz-boost: sphere →  cylinder

π

π
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Expanding Volume

R(LONG)

R(SIDE)

R(OUT)
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                                           Pion HBT vs. √√ s

World compilation + STAR

• Surprising: Size roughly same
   AGS = SPS = RHIC  R<10 fm
• changes with beam energy
   negligible <0.5 fm
• R increase with centrality
   (~ overlap region) →  O.K.
• Unexpected:
   Rout/Rside ~ 1

§ short “freeze-out”

§ explosive source

PRL87(2001) 082301
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Rout/Rside≈≈1:  Expanding Shell  (“blast wave”)

R(LONG)

R(SIDE)

R(OUT)

Universe:
at T~100 MeV horizon distance L~10 km !
expansion rate slower ~1019 (= 1/M2

Planck)

β ~0.55
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Is it an explosion ?

mT1/
m

T 
dN

/d
m

T

light

heavyT

purely thermal
source

explosive
source

T,β
mT1/

m
T 

dN
/d

m
T

light

heavy
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200 GeV

Results depend slightly
on pT coverage
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What is the quark/gluon density @ t=0 ?

l we got Ncharged

l we got R
assume cylinder, lorentz-invariant rapidity y
t=0 ρ=infinite, but @ t=0.2 fm/c:
→ ρ = 20/fm3 = 15 x ρ[cold Au]
(hadrons definitely in-existent)

l What is the energy density ?
we got average momentum <p>
90% π, so assume mπ, then E2=m2+p2

→ ε ~ 5 GeV/fm3 = 30 x ε[cold Au]

better pQCD estimate: ε ~18 GeV/fm3  Phys. Lett. B 507(01)121
SPS ε~3 GeV/fm3, predictions before RHIC start up to 30 GeV/fm3



Jens Sören Lange (Frankfurt)    Search for New QCD Phenomena at STAR    TROP03   06/09/2003

Boost-Invariance ?

Boost invariance only achieved in small region |y|<0.5

π−

• No surprise for protons:
   p/p~0.65 means 2/3 come from pair production,
   but 1/3 comes from Au nuclei (de-accelerated)
• But surprise for pions !
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How do we create Anti-He ?

l cluster of particles can also be beam remnants,
but cluster of anti-particles cannot

l Coalescence:
N protons + overlapping wave functions
(∆x and ∆p small)

l Ansatz Ndeuteron = f x Nproton
“penalty factor” f ~ 1/2500

l Level-3 trigger system, ~4 months:
charge = -2
(almost background free, but rare)

l total sample 2002
160 Anti-He3

no Anti-He4 yet (would be first observation)

needs 15⋅106 events
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Level-3 Q=-2 Trigger
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Q=-2 Candidates

l Result: ψ overlap volume: R3=107±7 fm3 → R=4.8 fm
but proton/neutron freeze-out late   t~15-20 fm/c
→ early coalescense (parton vs. baryon coalescense ?)
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ρ0

f0
K0

S
ω
K*0

f2

STAR Preliminary

0.8 ≤≤ pT << 0.9 GeV/c

|y| ≤≤ 0.5

Statistical error only

 Au+Au
40% to 80%

Statistical error only

ρ0

f0
K0

S
ω
K*0

1.2 ≤≤ pT << 1.4 GeV/c

|y| ≤≤ 0.5

STAR Preliminary

pp

l ρ decay (∆t=1.3 fm)<π freeze-out (∆t~10 fm/c)<fo decay (∆t~15 fm)
l ρ mass appears shifted 20-80 MeV = f(pT)
l + phase-space peak shape (“re-scattering volume”)
   + re-scattering (QM interference, d~1/3 fm)
    seems to shift mass back to PDG value 

Next step after T(π) and Radius(ππ) ? ππ resonances.
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Ultra-peripheral Au+Au (nuclei don’t touch)

 

γ pomeron→ρo→π+π- 
1st event 08.24.2000

b>>R(Au)
(Weizsäcker-Williams, 
vitual quanta)
Au + Au -> Au* + Au* + ρo
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QM non-local entanglement in Au*Au*, ρρo →→ ππ+ππ-

 
l indistuiguishable initial states (Au* Au vs. Au Au*) 
    ψππ contains destructive interference (parity - ) 
    σ=σo(1-cos(p·b))
l pT<<1/<b> with <b>~20 fm
    cτ (ρo)=1.32 fm/c
    → ππ wave function non-local !
l coherence preserved 
   even after the ρ decay
l clear 
   “Einstein-Podolsky-Rosen”
   phenomenon
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va
cu

um
Q

G
P

• √s(RHIC) ~ 10· √s(SPS) - for the first time σjet accessible in AA collisions
• gg or qq scattering is very early t~0.1 fm/c (cylinder very short)
• pQCD √s=200 GeV: ~405 gluons, ~ 132 quarks, ~ 38 anti-quarks

Jets in AA
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Jets at STAR (pp, √√s=200 GeV)

2 jet (gg or qq)
all tracks pT>1 GeV/c

What about Au+Au ?
pQCD estimate
ET>1 GeV
NJet~500
almost impossible
for jet finder algorithm.
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Charged high pT hadrons = leading jet particles

Phys. Rev. Lett. 89, 202301 nucl-ex/0305015

pp measured in same detector.

99.5%
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Au+Au relative to p+p

ησ
η
ddpdT

ddpNd
pR

T
NN

AA

T
AA

TAA /

/
)(

2

2

=

central collisions:
factor ~4-5 suppression

nucl-ex/0305015
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Back-to-back leading jet particles

• Trigger particle (“same side”)
pT > 4 GeV/c

• Away-side
2 < pT < 4 GeV/c

• ∆φ
• Normalize by number

of trigger particles

py

px
elliptic flow



Jens Sören Lange (Frankfurt)    Search for New QCD Phenomena at STAR    TROP03   06/09/2003

Away-Side Jets in p+p, d+Au, and Au+Au Collisions
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8 cm

5.6 cm

STAR Upgrade Pixel Detector 

l 20 µm square pixels

l N(pixel)=90 x 106

l d=40 µm
  (monolithic)

l ADC in pixel

l SRAM in pixel

for secondary c,b vertices 
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What did we learn so far ?

l t<1 fm/c temperature: beyond lattice-QCD boundary prediction.
l t<1 fm/c energy density: too high for hadron gas.
l parton-hadron transition (“freeze-out”) short duration.

Rout/Rside ~ 1: There is an explosion
l No indication for 1st order phase transition

(no long-lived slowly-burning mixed quark-hadron soup).
l pQCD models need non-standard extensions,

i.e. high density and high temperature.
l Back-to-back jets disappear.
l Nature recently exhibits surprising macroscopic phenomena

(metallic hydrogen, left-handed materials, clockwise tornadoes).
We will continue to search for microscopic analogons.
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 Motto motto,
 mou chotto !
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What about the big bang ?

l general relativity curvature
ds2~dr2/(1-k)
k = 2GM/Rc2

k = 1 black hole (escape velocity = c)
k ~ 10-22 @ RHIC
→ we are not bending space-time

l universe expands with v=c,
v=0.55c @ RHIC

l big bang = thermal equilibrium
@ RHIC: maybe, not clear yet
but jet dE/dx could mean early equilibrium before suppression

l time scale 1 fm/c ~ 10-24 s
in the universe: cosmic inflation 10-34 s
→ system already had macroscopic size
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What about neutron stars ?

l for R<1 km ρ=5ρ0 expected
we have 15ρ0

but energy density much smaller
neutron star ε=0.7 GeV/fm3

l neutron star = hydrostatic equilibrium stability:
outward pressure from incompressibility of nuclear matter
incompressibility = f(ρ)
(this is “equation of state”)
@ RHIC: outward pressure generates blast wave.
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Fit function

Hadron resonance ideal gas

Q i : 1 for u and d, -1 for u and d
si : 1 for s, -1 for s
gi : spin-isospin freedom
mi : particle mass

Particle density 
of each particle

Refs. J.Rafelski PLB(1991)333
J.Sollfrank et al. PRC59(1999)1637

Τch : Chemical freeze-out temperature
µq : light-quark chemical potential
µs : strangeness chemical potential
γs : strangeness saturation factor
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Upsilon->l+l- 
candidates

Run 2241022 
Event #4699
m=10.21 GeV

Run 2243027 
Event #1645
m=9.68 GeV

Run 2244029 
Event#1570 
m=9.25 GeV

ππ+ ππ- candidate

Run 2244032 Event #3420
m=9.38 GeV

dE/dx<1.4e-5  keV/cm
PPID(lepton)<3% Drell-Yan candidate

Run 2252020 Event #8718
m=10.02 GeV

∆Φ  ∆Φ  = 78oAu+Au
√√sNN=200 GeV



Jens Sören Lange (Frankfurt)    Search for New QCD Phenomena at STAR    TROP03   06/09/2003

Corrections

High Efficiency (~80%)
Large Acceptance (~95%)

Efficiency Background
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The STAR Collaboration

468 Collaborators
10 Countries
49 Institutions
~20 Ph.D. theses
14 PRL
3 PRC
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d+Au: minbias charged hadron yield

RAA>1
charged hadron yield
enhanced in d+Au
Cronin effect
(expected for “cold”
nuclear matter)

2

2

/

/

2 197

2.2

dAu
T

dAu pp
dAu T

dAu

d N dp d
R

T d dp d

T
b

η
σ η
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Laser for TPC Calibration
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3-Jet Event (pp, √√s=200 GeV)

3 jet (ggg or qqγ or Upsilon decay)
all tracks pT>0.5 GeV/c
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Ncharged(√√sNN) – Universality of Total Multiplicity?

z pQCD e+e-

Calculation
)/exp( s

B
sch CAN αα=

Total charged particle multiplicity / participant pair

(A. Mueller,
 1983)

2/sseff =

Same for all
systems at same
√s(√seff for pp)


